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式细胞仪难以检测粒径小于 200 nm 的聚合物颗粒或者荧光亮度小于 500 个荧光
素分子的微弱信号，由于检测灵敏度的局限性，使得传统的流式细胞仪无法应用
于单颗粒水平的 SEF 研究。本实验室结合瑞利光散射和鞘流单分子荧光检测技
































Ag@SiO2 核壳纳米颗粒和二氧化硅标准球进行荧光分子 FITC 的掺杂。最终选取
一系列不同银核大小（40、50、60、70、80、100 nm）、不同壳层厚度（5、10、





时域有限差分（finite difference time domain, FDTD）法进行理论建模、计算金属
纳米结构存在时的局域电磁场增强因子 G、荧光量子效率 Q 以及表面荧光增强






















Surface enhanced fluorescence (SEF) which originates from the interactions of 
the excited-state fluorophores with the plasmon resonance of a metal particle, is an 
effective technology used in fluorescence-based detection in biochemistry and 
biomedicine. The interactions result in an increased radiative decay rate, an increased 
quantum yield, a reduced lifetime and an enhanced fluorescence. However, the 
enhancement scale is dependent on the shape, size of the metal nanoparticles and the 
distance between the metal nanoparticles and the fluorophores. Thus, in this work, we 
investigate the SEF by changing the metallic diameter and the distance between the 
metal nanoparticles and the fluorophores, which will be very helpful in promoting the 
applications of SEF. 
Many researches on SEF have been reported. Among those, fluorescence 
spectroscopy and scanning confocal microscopy are the two most commonly used 
technologies to study SEF. However, they either measure the ensemble average of a 
large number of particles or offer limited throughput. Flow cytometry (FCM) is a 
well-established technique for the rapid, multiparameter, and quantitative analysis of 
individual cells and microscopic particles in aqueous suspension. Information 
regarding size, shape of particles can be gathered via light scatter measurements, and 
biochemical attributes can be gathered via fluorescent measurements. Nevertheless, it 
has been challenging for the conventional FCM to detect nanoparticles smaller than 
200 nm or dim particles having less than five hundred fluorescent molecules. In our 
laboratory, we have developed a high sensitivity flow cytometer (HSFCM) that is 2-5 
order of magnitudes more sensitive than conventional flow cytometers. Recently, 
HSFCM has already been applied in the analysis of biological nanoparticles including 
bacteria, viruses, mitochondria, and synthetic nanoparticles including gold, silica, etc. 
In this work, we would apply HSFCM to study the SEF at the single-particle level. 
















intense plasmon band and high scattering efficiency. Moreover, coating the silver 
nanoparticle with a suitable silica shell can not only improve the chemical stability of 
silver, but also modulate the distance between silver and the fluorophores precisely 
for maximum enhancement. Thus, we use the fluorescent core–shell nanostructure as 
the model system which comprised of a silver core, a silica shell, and a 
fluorophore-doped shell. Additionally, the fluorophore-doped silica nanoparticles of 
the same particle size but without Ag core are used as the counterparts. 
Briefly, the Ag@SiO2 nanoparticles with different silver core diameter (40, 50, 
60, 70, 80, 100 nm) and silica shell thicknesses (5, 10, 15, 20, 25 and 30 nm) were 
synthesized. A second layer of silica (approximately 5 nm) was coated onto the 
Ag@SiO2 nanoparticles, and fluorescein isothiocyanate (FITC) was doped into the 
outer most silica shell to form fluorescent core-shell Ag@SiO2 structures. The 
fluorescence enhancement factor (EF) was estimated by a ratio of the fluorescence 
intensity of FITC doped nanoparticles with and without silver core. The effects of Ag 
core diameter and the distance between the fluorophore and the Ag core, i.e. the shell 
thickness on the EF, were investigated at the single-particle level using HSFCM. 
Compared with the fluorescence spectroscopic measurement, our results demonstrate 
the great advantage of studying SEF at the single-particle level. Moreover, we 
calculated the dependence of the electric field enhancement factor (G), the quantum 
yield (Q), and the EF on the silica shell thickness with different silver diameters via 
finite difference time domain (FDTD) method. The theoretical calculation results 
agreed well with HSFCM analysis. Present study represents an advanced technique 
for SEF study. 
 
Key words: Surface enhanced fluorescence, Core-shell Ag@SiO2 nanoparticle, 



































图 1.1 球形金属纳米颗粒的等离子体共振示意图[7] 




















































图 1.2 金属纳米粒子不存在和存在时的 Jablonski 能级图[12] 
Figure 1.2 Modified Jablonski diagram that includes metal-fluorophore interactions. 









2010 年 Lakowicz 等利用硅核-银壳的纳米结构通过表面反应偶联上经荧光分子
Cy3 标记的寡核苷酸序列，并以此作为模型实现了肺癌细胞中 microRNA-486 分
子的检测[39]。相比于具有相同尺寸大小的硅核，硅核-银壳纳米结构可使荧光强
度明显增强，检测灵敏度提高，这为肺癌等疾病的早期诊断带来了希望。Lakowicz
等还将牛血清蛋白 BSA 和免疫球蛋白 IgG3 置于银岛膜表面，并分别与抗体进行
特异性识别。由于银岛膜特有的表面等离子体共振性质，可使蛋白分子中色氨酸
残基的荧光强度增大 3 倍，从而实现了对生物蛋白的无标记检测[40]。此外，值得
一提的是，2011 年 Dai 等发展了灵敏度高、检测限低、适用性广的等离子体蛋
白芯片技术。他们在金纳米阵列表面（如图 1.3 所示）通过三明治夹心结构检测
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